exercise rehabilitation of muscle weakness in acute respiratory failure patients. Exerc. Sport Sci. Rev., Vol. 41, No. 4, pp. 208Y215, 2013. Acute respiratory failure patients experience significant muscle weakness, which contributes to prolonged hospitalization and functional impairments after hospital discharge. Based on our previous work, we hypothesize that an exercise intervention initiated early in the intensive care unit aimed at improving skeletal muscle strength could decrease hospital stay and attenuate the deconditioning and skeletal muscle weakness experienced by these patients.
INTRODUCTION
Exercise interventions have led to impressive gains in the management of chronic diseases (13) . Clinical data from our outpatient investigations have increased our appreciation of exercise's potential within the inpatient setting (5, 7, 8, 19, 36, 40) . In this era of increasing hospital costs, the use of early inpatient exercise training may represent a safe and costeffective alternative for hospitals, particularly in the early application of mobility and exercise interventions within the intensive care unit (ICU). Exercise training has the potential to favorably modify the length of ICU and hospital stay and the level of physical function in critically ill patients. ICU patients with acute respiratory failure (ARF) commonly experience long ICU and hospital stays and a constellation of limitations, including reductions in cardiorespiratory fitness, loss of skeletal muscle mass and strength, neuropathy, pain, depression, delirium, and anxiety. The success of exercise training in the management of patients with a chronic disease has provided an impetus to study the potential of early inpatient exercise interventions for the rehabilitation of ICU patients.
In this article, under the heading Acute Respiratory Failure, we will examine the epidemiology of ARF and the consequences of this disorder to both society and the individual patient. Under the heading Skeletal Weakness in ARF Patients, specific emphasis will be placed on the loss of skeletal muscle strength after an ICU stay and the potential mechanisms responsible for this loss. Under the heading Rehabilitation of Skeletal Muscle Weakness, we will examine the role of exercise at improving physical function in patients experiencing similar physical manifestations as those of ARF patients and will examine studies providing evidence for the use of an early exercise intervention in the treatment of these patients. Finally, under the heading Rehabilitation of the ARF Patient, we will propose strength training as an intervention to decrease hospital and ICU length of stay and to improve physical function in ARF patients and will offer insights as to how best to initiate such a program in an ICU.
ACUTE RESPIRATORY FAILURE Epidemiology
ARF is a heterogeneous syndrome defined as an acute cardiopulmonary dysfunction requiring emergent artificial ventilation support whether it be invasive or noninvasive. It may be neuromuscular in origin; secondary to acute or chronic obstructive pulmonary disease (COPD); a result of alveolar disruptions caused by pulmonary edema, pneumonia, or interstitial diseases; or a result of a vascular disease such as acute or chronic pulmonary embolism (30) . Of patients admitted to an ICU, more than 30% are admitted with ARF, and more than half of all ICU patients will have ARF sometime during their stay (48) . In a recent report, the in-ICU mortality was more than double for 208 ARTICLE those patients with ARF versus those without (48) . For those surviving, the average ICU length of stay for ARF patients is 50% longer than those without (48) . ARF patients incur significantly higher daily costs for ICU treatment versus non-ARF ICU patients because the incremental cost of receiving mechanical ventilation is greater than $1500 per day (14) . As such, interventions targeting a reduced ICU stay and/or duration of mechanical ventilation could lead to substantial reductions in hospital costs.
SKELETAL WEAKNESS IN ARF PATIENTS

ICU-Acquired Weakness
In addition to increased lengths of stay, mortality rates, and hospital costs, ARF patients are at an increased risk to develop ICU-acquired skeletal muscle weakness, which results in an increased risk of morbidity (15) and significant functional impairments after hospital discharge (28, 29) . ICU-acquired skeletal muscle weakness is thought to result from neuropathies of the somatic motor neurons serving skeletal muscle (critical illness polyneuropathy), myopathies of the skeletal muscle (critical illness myopathy), or a combination of the two (critical illness neuromyopathy). Regardless of the etiology, skeletal muscle weakness is a common characteristic of ARF patients, which contributes to prolonged hospitalization, the inability to perform activities of daily living, a reduced exercise capacity, and the need for extended care (28) . Skeletal muscle weakness has been reported in 25% to 33% of ARF patients who have been ventilated from 4 to 7 d (15) and is associated with increased mortality (1) . Skeletal muscle weakness in ARF survivors has been shown to persist up to 1 yr after ICU discharge such that the 6-min walk distance for these patients was 66% of predicted for age-and sex-matched healthy controls (28) . In a prospective cohort study of 1075 ARF survivors at 5 months after discharge, 48% needed help with at least one activity of daily living, and 24% reported needing assistance with more activities of daily living as compared with prehospitalization (25) . In one study of ARF survivors with a prolonged ICU stay, skeletal muscle weakness was reported as long as 3.5 yr after discharge (21) . In a follow-up study of survivors of acute respiratory distress syndrome (a subpopulation of ARF patients), a high prevalence of persistent skeletal muscle weakness and fatigue was reported 1 yr later (28) . At 5 yr after ICU discharge, these same patients presented with a reduced exercise capacity and reported varying degrees of perceived weakness (29) . These data illustrate the deleterious effects ARF has on patient function after hospital discharge. In addition, they suggest a need for interventions that could shorten ICU or hospital stay and improve physical function. Such interventions could offer health care systems cost reductions while providing an improvement measurable on a patientspecific level. We will present data from our previous work to suggest that ICU-associated strength training may be such an intervention.
Clinical Assessment of ARF Patients
The clinical assessment of skeletal muscle weakness in ARF patients may be determined in a number of ways. For most research studies, the direct measurement of muscle strength typically is performed using manual muscle testing with the Medical Research Council scoring algorithm or with a handheld dynamometer (9, 20) . Both methods have been used in studies conducted in the ICU and have good reliability. A disadvantage of these techniques is that they are often not only limited by the patient's ability to cooperate but by positioning, pain, edema, effort level, and fatigue. In addition, they provide little information on the underlying cause of the muscle weakness (47) .
To confirm a diagnosis of critical illness polyneuropathy, electrophysiological studies that evaluate peripheral nervous function are needed. These assessments include nerve conduction studies, electromyography, and neuromuscular junction testing. Although these tests can help identify the underlying etiology, they require dedicated equipment and trained personnel. In addition, some of these techniques may be painful and require patient cooperation. The analysis of muscle biopsies obtained from ARF patients can be used to diagnose critical illness myopathy and has provided some insight as to the mechanisms underlying ICU-acquired skeletal muscle weakness and wasting. These mechanisms include the loss of skeletal muscle myosin fibers and atrophy of type II muscle fibers (47) . As with the assessment of peripheral nerve function, dedicated equipment and trained personnel are needed. In addition, these studies are invasive and can be painful.
Because of the limitations in using electrophysiological studies and muscle biopsies to support the diagnosis of ICUacquired weakness, new techniques to assist in the diagnosis and serve as markers of disease progression are being explored currently. The use of ultrasound techniques recently has been suggested as a technique to diagnose and monitor the progress of ICU-acquired weakness (47) . Using high-resolution ultrasound imaging, we have shown that muscle echotexture changes of the lower extremity and diaphragm muscles of ICU patients are similar to those seen in patients with muscular dystrophies and chronic inflammatory myopathies (11) . These changes include muscle degradation and the loss of the normally well-organized muscle architecture that can occur during a stay in the ICU (Fig. 1 ). Further studies are needed to validate the use of this technique for diagnosing and monitoring the progress of skeletal muscle weakness in the patients.
Risk Factors for ICU-Acquired Weakness
For ARF patients, the ICU-acquired skeletal muscle weakness is a complex and poorly understood pathophysiological disorder. A number of factors have been cited for the loss of strength and physical function; however, the interaction among the various factors has not been well defined. Predisposing factors associated with this disorder are presented the Table. Whatever the cause, the resultant clinical picture is significant skeletal muscle weakness after discharge, which may persist for months or even years (29) .
to high doses of these drugs for prolonged periods. Although the effects of corticosteroids on skeletal muscle have been studied, it is difficult to separate the effect of these drugs from those of the underlying disease and the interaction among the other pharmacological treatments used in the ICU. Nava and colleagues (37) studied the effects of high doses of methylprednisolone in the absence of other pharmacological therapy for 5 d in 13 transplant patients with acute lung rejection. They found that compared with the pretreatment condition, approximately 45% of patients showed generalized muscle weakness after treatment. When investigating the effects of corticosteroids in animal models, investigators have found a steroid-induced myopathy to occur in primarily fast-twitch (type II) fibers as compared with slowtwitch (type I) fibers. In addition, it has been shown that immobilization exacerbates corticosteroid-induced skeletal muscle atrophy, whereas remobilization of a previously immobilized muscle prevents further corticosteroid-induced atrophy (43) . Although the use of neuromuscular blocking agents has decreased in ARF patients, the effects of these drugs and their interactions with other drugs administered in the ICU are understood poorly (43) . There are numerous case reports and retrospective studies documenting skeletal muscle weakness after the use of these agents (16, 32, 37) ; however, the adverse relationship between neuromuscular blocking agents and skeletal muscle function after their administration has been challenged recently (43) .
Deconditioning
Described as the changes in organ system physiology induced by immobilization, deconditioning is believed to be reversed by physical activity. In the clinical setting, acute deconditioning refers to changes that occur within days to a few weeks of a sudden decrease in activity, and concern regarding bed rest in hospitalized patients is not new (34) .
Currently, admission to an ICU implies almost certain imposed immobility, particularly when mechanical ventilation is required. In numerous reports on healthy subjects, it has been well demonstrated that immobilization induces skeletal muscle atrophy, which is characterized by a decrease in protein content, fiber diameter, fatigue resistance, and force production. These changes seem to be mediated primarily by a downregulation of protein synthesis that occurs early in the immobilization period (43) .
Age
An additional factor affecting outcomes in ARF patients is age, which, although controversial, has been shown by some to be an independent predictor of mortality and impaired physical function (25, 48) . Aging can compound the effect that ARF has on physical functioning because of the independent effect it has on skeletal muscle and strength. Aging in healthy older adults is associated with a significant Figure 1 . The image on the left shows the tibialis anterior muscle in cross section at baseline. The image on the right shows the same tibialis anterior muscle after the patient has been in the intensive care unit (ICU) for 14 d. After the prolonged ICU stay, the muscle has lost its normal echotexture and is hyperechoic with a homogeneous ground-glass appearance. (Reprinted from (11 loss of skeletal muscle and strength, which have been shown to be associated with a decline in physical function and disability (38) . An analysis of adults aged 60 yr and older showed the likelihood of functional impairment and disability to be approximately two to three times greater in those with severe muscle loss (17) . In a subsequent 8-yr follow-up, the risk of developing disability was 27% greater in those with severe muscle loss compared with those with normal muscle mass (17) . Thus, older adults who experience ARF are at an increased risk for disability and a loss of strength and physical function.
Sepsis and systemic inflammation
Sepsis, a condition whereby the body has an overwhelming immune response to infection, leads to systemic inflammation and also may contribute to ICU weakness. Sepsis may be the most commonly experienced exposure to systemic inflammation for ARF patients (18) . Systemic inflammation may further exacerbate the loss of muscle protein and muscle function. Studies suggest that inflammatory mediators inhibit muscle function, although the mechanisms by which this occurs are not understood fully (12) . The effects of proinflammatory cytokines on muscle have been studied in a variety of muscle-wasting conditions, and all have demonstrated an association with loss of muscle mass (12) . We examined the relationships between physical function and inflammatory biomarkers in 542 older men and women who had COPD, congestive heart failure, high cardiovascular risk, or self-reported physical disability. We found that elevated levels of the proinflammatory cytokines C-reactive protein and interleukin 6 were associated with poorer physical function in older adults with these various conditions (10) . An exacerbation of any of these chronic subclinical inflammatory conditions could result in an ICU admission and, thus, has the potential to further limit physical function in older persons with a preexisting disease or health condition.
It should be noted that the exact role of cytokines during inflammation has yet to be defined clearly. Although the cytokine storm seen in critically ill patients is overall myopathic, there are data to suggest that increases in cytokines can be beneficial because they play a role in protein synthesis (46) and pain management (31) . The relationships between cytokines and protein synthesis are complex; it is well established that they play a significant role in muscle fiber growth (46) but also are associated with muscle wasting (27) .
REHABILITATION OF SKELETAL MUSCLE WEAKNESS
The etiology of skeletal muscle weakness associated with an ICU stay likely is multifactorial. Whatever the primary etiology, skeletal muscle weakness has been shown to be associated with deleterious short-and long-term outcomes (28, 29) . Consequently, the use of exercise and early mobilization has been suggested as an adjunctive therapy in the early treatment of these patients (4, 26) . The use of exercise as a treatment of other chronic conditions associated with skeletal muscle weakness has been more fully investigated, and the general consensus is that exercise is an effective treatment for secondary skeletal myopathies and the associated weakness. This is especially true in pulmonary (6Y8), cardiovascular (42) , and geriatric medicine (19) .
Exercise and Chronic Diseases
Chronic diseases such as heart failure and COPD are known to result in skeletal muscle weakness (2, 42) . Similar to ICU-acquired muscular weakness, the etiology of weakness in heart failure and COPD is believed to be multifactorial. It may be the result of deconditioning, age, medications, or inflammation. We have shown previously that participation in an aerobic exercise training program results in significant improvements in physical function for COPD patients independent of improvements in lung or cardiovascular function (5Y7). These results suggest that skeletal muscle and the nervous system are the organs responsive to exercise training (2) . Skeletal muscle dysfunction is now recognized as a major problem for COPD patients (2) , and, as such, the use of strength training as a modality to reverse the deleterious effects of the disease is now recommended (39) . A recent systematic review demonstrated that strength training could improve skeletal muscle strength in COPD patients, and these improvements were associated with increased activities of daily living (41) .
As with COPD patients, heart failure patients present with reduced skeletal muscle mass and strength. Although most clinical studies have examined the effects of aerobic exercise training on physical function and performance outcomes for heart failure patients, a growing body of information supports strength training as an additional intervention (42) . Results from the above literature (2, 42) suggest that exercise training, in particular, strength training, may be beneficial for patients with skeletal muscle weakness and provide a strong rationale for investigations within the ICU examining the efficacy of strength training interventions for ARF patients.
Exercise intervention studies in chronic diseases such as heart failure and frailty of aging have demonstrated associations among exercise, reductions in proinflammatory cytokines, and improvements in physical function. The sequence of cytokine elaboration in the blood during exercise has characteristics similar to the ''resolution'' phase of acute inflammation. Interestingly, with acute moderate exercise, the classic proinflammatory cytokines TNF and IL-1 do not increase, whereas IL-6 concentrations do. Other antiinflammatory cytokines such as IL-10, IL-1 receptor antagonist, and soluble TNF receptors are found to rise in response to exercise (49) . Because of the similarities seen between the cytokine pattern of exercise and the resolution phase of acute inflammation, some have speculated that exercise has therapeutic potential in acute inflammatory conditions (49) .
The effect of strength training on the progress of glucocorticoid-induced atrophy also has been investigated. Gardiner et al. (24) showed that a strength training program could decrease the atrophy and strength loss associated with steroid use. They also demonstrated that the extent of fasttwitch muscle atrophy resulting from chronic glucocorticoid treatment can be lessened by mild weight lifting exercise.
Based on the results of previous investigations examining the role of exercise in the treatment of chronic conditions, collaborations between critical care clinicians and exercise specialists examining the use of early exercise in the rehabilitation of ARF patients may produce similar results.
REHABILITATION OF THE ARF PATIENT
In-Hospital Exercise Intervention
Despite the evidence to suggest that exercise may play a significant role in the treatment of chronic diseases resulting in skeletal muscle weakness, the role of exercise in facilitating a return to prehospital functional status for ARF patients and the exact manner by which to prescribe ICU and hospital exercise have yet to be determined. To help determine the best approach to prescribing exercise in this patient population, we have assembled a team of professionals that consists of physicians certified in the subspecialty of critical care medicine, nurses, physical therapists, and clinical exercise physiologists. Although physicians and nurses are responsible for the medical management of these patients, the physical therapist and clinical exercise physiologist work together to determine the specific rehabilitation needs of individual patients. Clinical exercise physiologists are trained to identify specific deficits and are knowledgeable as to the modality or type of exercise that can be best used based on a patient's specific needs (22) . They also are cognizant of the frequency with which the exercise should be performed, the intensity of the exercise, and the duration or time of the exercise. The physical therapists often define the best approach to increasing mobility in these patients. We therefore recommend that the clinical exercise physiologist and physical therapist work together in developing an individualized rehabilitation plan for ICU patients.
Our team has developed an approach for delivering exercise and rehabilitation therapy early in an ICU stay to ARF patients. To do so, we enrolled 330 ICU patients with ARF into a prospective cohort study to determine whether a protocol emphasizing early exercise and rehabilitation increased the proportion of ICU patients receiving exercise and physical therapy (n = 165) versus usual care (n = 165). The early exercise and rehabilitation protocol consisted of increasing levels of physical activity, which included both passive and active range-of-motion exercises and physical therapy aimed at increasing a patient's mobility. Figure 2 illustrates the protocol we used to initiate exercise in the ICU. Of survivors, this study showed that a greater percentage of protocol patients received at least one physical therapy session as compared with usual care patients (80% vs 47%, respectively; P = 0.001). Protocol patients were out of bed earlier (5 d vs 11 d, P G 0.001), had therapy initiated more frequently in the ICU (91% vs 13%, P G 0.001), and had no difference in ICU complication rates compared with usual care. Among survivors, for protocol patients, ICU length of stay was 5.5 d versus 6.9 d for usual care (P = 0.025); hospital length of stay for protocol patients was 11.2 d versus 14.5 d for usual care (P = 0.006). In this investigation, we demonstrated both the feasibility and safety of an early exercise and physical therapy intervention. In addition, this study demonstrated that exercise and physical therapy initiated early in an ICU stay is associated with important outcomes and has the potential to reduce both ICU and hospital length of stay (35) .
We subsequently identified a cohort of survivors who had participated in our earlier trial that required subsequent hospitalization. We used multiple logistic regression to identify variables that would predict hospital readmission or death in the first year after discharge from the patient's initial hospitalization. The lack of early exercise and rehabilitation therapy was found to be a significant predictor of hospital readmission or death (36) . These data suggest that early exercise and rehabilitation therapy may reduce subsequent hospitalizations and provide further support for the use of exercise therapy early in an ICU visit.
Despite these positive reports showing benefits from ICUinitiated exercise therapies, no current consensus statements exist for the timing or content of ICU or hospital exercise strategies for ARF patients. Although a European consensus statement on exercise therapy in the ICU called for research, the authors were not able to recommend any one exercise intervention for ARF patients because of the lack of strong scientific evidence (26) . There is a clear need to establish a standard for practice, to prioritize the use of exercise in the inhospital rehabilitation of ARF patients, and to determine the optimal training program for these patients such that improvements in functional status occur. Based on our results using exercise to improve physical function in patients with chronic diseases and using early mobility interventions to decrease ICU and hospital lengths of stay in ARF patients, we hypothesize that an exercise intervention initiated early in an ARF patient's ICU stay and targeting improvements in skeletal muscle function would not only reduce length of stay but also would improve physical function after discharge.
To initiate such a program, collaborations between physicians and nurses charged with the care of patients in the ICU and exercise specialist would be needed. The ICU environment presents unique challenges to the exercise specialist. These include such things as safety concerns for the patient, multiple vascular access devices, patient sedation, and tight space confines (34) . Strong collaborations with clinicians will allow the exercise specialist to provide a focused approach to prescribing exercise to the patient, with an eye on challenging the patient such that he or she could progress at a maximal rate.
Despite lack of consensus on the optimal rehabilitation therapy for ARF patients, research demonstrating profound weakness in these patients because of neuropathies and myopathies suggests that strength training may be a type of exercise intervention of considerable benefit for the ARF patient. Strength training results in both neurological and muscle structural improvements. Studies have shown that the increases in strength seen during the early phases of strength training mainly are caused by neural adaptations. Subsequent increases result from hypertrophy of individual myocytes (33, 44) .
The Strength Training Exercise Prescription
Although there is no clear consensus as to the optimal training prescription for ARF patients, the recommendations from the American College of Sports Medicine (ACSM) provide a starting point (23) . To optimize the benefits gleaned from a strength training program, the exercise prescription variables of intensity, volume, and frequency should be tailored to the needs of each patient.
Intensity
With extremely frail individuals, ACSM recommends that strength training exercises be performed at an intensity of approximately 60% of the muscle's maximum forcegenerating capacity to increase strength. For some critically ill patients, this stimulus may consist simply of moving their limbs against gravity. For others, the stimulus may be greater despite the ongoing need for mechanical ventilation and ICU care. To determine the amount of weight of the appropriate stimulus, the common outpatient approach is based on a one-repetition maximum (1-RM) or the ability to lift or perform a movement only once before fatigue prevents a subsequent contraction. If the weight used is less than 60% of the 1-RM, there may be only modest improvements of 5% to 10% in strength, with the observed improvement likely caused by neural adaptations rather than an increase in contractile protein in the muscle. Because of the obvious problems associated with determining the 1-RM in the ICU, an alternative approach is to have patients perform 8 to 12 maximum repetitions of a given exercise. If the patient is fatigued and unable to perform any additional repetitions after 8 to 12 repetitions, the patient is working at an appropriate intensity. Resistance may be applied by using handheld or strap on weights. Another alternative is the use of elastic hoses or bands. Figure 3 shows an ARF patient performing strength training exercises with an elastic band.
Volume
The volume of the strength training exercise is a function of the number of repetitions and sets of an exercise completed. Most individuals can realize strength gains with two to four sets of strength exercises per muscle group. For frail patients, ACSM recommends that at least one set of each exercise be performed. As patients increase the intensity of their exercise prescription, the number of sets of an exercise also may increase. Once the patient can complete the predetermined number of repetitions for all the prescribed sets, the resistance should be increased. The duration or time of the exercise bout will vary depending on the number of specific exercises performed, along with the number of sets and repetitions. Specific exercises should target strength improvements for the major muscle groups, which include the chest, shoulders, arms, upper and lower back, abdomen, hips, and legs. One or more exercises can be prescribed for each of these muscle groups depending on the patient's specific needs.
Frequency
The final component of the exercise prescription that needs to be considered is frequency or the number of times the exercise should be performed per week. Outpatient recommendations stipulate that individuals exercise two to three times per week and to allow 48 h of recovery between exercise bouts. The optimal frequency of early strength training interventions for ARF patients is yet to be determined and may be more frequent. Another consideration for prescribing strength training to ARF patients is when such a program should be initiated. We recommend initiating a strength training program as soon as the patient is able to perform 8 to 10 repetitions of active ROM exercises. This typically coincides with obtaining consciousness (Fig. 2) . The above recommendations are based on ACSM's guidelines for exercise prescription, which are supported by a substantial volume of research that has been conducted with healthy younger and older populations and some diseased populations (23) .
A final and important concern when exercising patients in the ICU is safety. Because these subjects are critically ill, require mechanical ventilation, and often have serious underlying illnesses, complications unfortunately are common in this population. Risks possibly associated with exercising patients in the ICU could include hypoxemia, cardiac arrhythmias, falls, hypertensive response, or the loss of a management device such as an endotracheal tube or vascular access. In previous investigations examining the efficacy of early rehabilitation in ICU patients, there were no deaths, near-deaths, cardiopulmonary resuscitation events, or extubations occurring during rehabilitation sessions (3, 35, 45) . In addition, only two accidental removals of devices during exercise were reported: a radial artery catheter (45) and a feeding tube (3) . Five falls to the knees without injury were reported by Bailey et al. (3) . There were no complications resulting from rehabilitation that required additional therapy, additional cost, or longer length of hospital stays reported in any of the three studies (3, 35, 45) . These results show that early exercise with ARF patients is safe as long as there is coordinated effort from a multidisciplinary team consisting of physicians, nurses, physical therapists, and exercise specialists.
CONCLUSIONS
ARF patients present with a constellation of problems, including significant skeletal muscle weakness as a result of a myriad of factors. Research on other patient populations with skeletal muscle weakness provides strong evidence for the use of strength training in ARF patients. Unfortunately, there is little research on exercise training and rehabilitation of ARF patients and none on how best to prescribe exercise in the ICU setting. The outpatient approach to exercise prescription development does however provide a framework on which ICU exercise prescriptions may be modeled. Hopefully, fruitful collaborations between ICU specialists, nurses, physical therapists, and exercise physiologists will provide the needed evidence for specific recommendations regarding exercise as a rehabilitation tool for ICU patients.
